We report chemical-vapor-deposition (CVD) synthesis of high-density lead sulfide (PbS) nanowire arrays and nano pine trees directly on Ti thin films, and the fabrication of photovoltaic devices based upon the PbS nanowires. The as-grown nanowire arrays are largely vertically aligned to the substrates and are uniformly distributed over a relatively large area. Field effect transistors incorporating single PbS nanowires show p-type conduction and high mobilities. These catalytic metal thin films also serve as photocarrier collection electrodes and greatly facilitate device integration. For the first time, we have fabricated Schottky junction photovoltaic devices incorporating PbS nanowires, which demonstrate the capability of converting near-infrared light to electricity. The PbS nanowire devices are stable in air and their external quantum efficiency shows no significant decrease over a period of 3 months in air. We have also compared the photocurrent direction and quantum efficiencies of photovoltaic devices made with different metal electrodes, and the results are explained by band bending at the Schottky junction. Our research shows that PbS nanowires are promising building blocks for collecting near-infrared solar energy.
Introduction
Recently, much effort has been devoted to developing low cost and efficient solar cells. Since half of the solar energy is distributed in the infrared range, harvesting infrared light will significantly increase energy conversion efficiency. Lead sulfide (PbS), with a bulk bandgap of 0.41 eV at room temperature, is an excellent base material for near-infrared light absorbers in tandem solar cells [1, 2] . As a strong light absorber in both the visible and infrared regions, PbS has been identified as one of the most abundant and inexpensive compounds for fabricating solar cells [3] . A 2 µm thick PbS layer is adequate to absorb over 90% of 4 These authors contributed equally to this work. the sunlight in the visible and infrared spectra, compared with the 100 µm required for Si. Both p-type and n-type doping have been successfully realized in lead chalcogenides, crucial for realizing the p-n junctions required for efficient solar cells. The carrier concentration can be tuned in a large range, from 5 × 10 18 cm −3 (p-type) to 8 × 10 18 cm −3 (n-type) in PbS [4] . In addition, bulk lead chalcogenides have high room-temperature carrier mobilities for both electrons and holes ranging from 600 to 1800 cm 2 V −1 s −1 [4] . The carrier lifetime in intrinsic PbS is as long as 60 µs [5] . The high mobilities and long lifetimes are beneficial for efficient photogenerated carrier collection.
Semiconductor nanostructures, including nanowires (NWs) and quantum dots (QDs), possess unique advantages for solar energy conversion such as a large interface, short carrier extraction length, and tunable bandgap through quantum confinement effects. PbS has a very large exciton Bohr radius (20 nm) leading to strong quantum confinement effects, enabling the bandgap of PbS nanostructures to be tuned in a large range (0.4-1.5 eV [6] ). PbS QDs have demonstrated capabilities essential for the fabrication of efficient single junction solar cells [7] [8] [9] . Recently, highly efficient multiple exciton generation has also been observed in the lead salt compounds, though its efficiency has been under debate [10] [11] [12] . However, the performance of QD solar cells is limited by charge transport [13, 14] and air sensitivity issues [15] . In contrast, PbS NWs grown by a vapor transport method benefit from their efficient one-dimensional charge transport channels and air stability. In our previous study, we have determined a long minority carrier diffusion length of 1 µm and near unity charge separation efficiency in single PbS NW devices [16] . Here, we investigate the feasibility of ensemble PbS NW solar devices.
PbS NWs have been synthesized previously through a self-catalyzed vapor-liquid-solid (VLS) approach [17, 18] . However, no photovoltaic cells based on PbS NWs grown by the VLS method have been reported, possibly due to the following difficulties: (1) PbS NWs synthesized by this approach often form clusters. The NW density is high within a cluster, but the overall NW density remains low because of blank areas between the clusters. (2) NW growth is sensitive to the H 2 flow rate and duration, which makes it difficult to grow NWs uniformly in large areas. (3) The NWs were grown on Si substrates and thus additional transfer steps were required to fabricate photovoltaic devices due to the bandgap mismatch between PbS and Si. Therefore, it is important to identify alternative synthetic routes for obtaining dense and uniform PbS NWs on a conducting, non-silicon surface, so that the performance of single junction photovoltaic devices based on PbS NWs can be examined for future development of multi-junction solar cells.
In this paper, we report advances in chemical-vapordeposition (CVD) synthesis of large-area, high-density PbS NWs on several metal thin films. Our systematic study of the synthesis shows that Ti thin-film-catalyzed NW growth provides the optimal density and uniformity for solar cell integration, which can be further improved by the assistance of Au nanoparticles. The metal thin films not only catalyze the NW growth, but also serve as bottom electrodes for in situ integration of the NWs into a solar cell. For the first time, we have fabricated photovoltaic devices based upon these CVD grown PbS NWs and demonstrated their infrared light conversion capability. The Pt/PbS Schottky cells exhibited a zero-bias photocurrent density of 0.43 mA cm −2 under infrared laser illumination with wavelength λ = 1400 nm. The external quantum efficiency (EQE) remained nearly constant in our tested spectral range (1100-1700 nm).
Experimental methods
Si wafers ( 100 doped with B, cm, test grade) coated with 400 nm thermal oxide were purchased from University Wafers. Pb, Cr, and Ti thin films with a typical thickness of 200 nm were deposited on the SiO 2 coated Si wafers by e-beam evaporation (CHA e-beam evaporator). The 8 nm Sn nanoparticles were patterned on Si substrates via a block copolymer with a pitch of approximately 100 nm [19] . Colloidal Au nanoparticles with diameters of about 20 nm were purchased from Ted Pella. After thoroughly cleaning the substrate, poly-lysine solution (Ted Pella) was drop-cast on the substrate and immediately rinsed off with deionized (DI) water. Au nanoparticles were then drop-cast on the substrate. Finally, the substrate was rinsed off with DI water after 1 min and dried completely with N 2 . The details of this procedure can be found in [20] .
In a typical growth process, a metal-coated substrate was loaded 5 cm downstream from the center with 30 mg PbCl 2 (99.999%, Alfa Aesar) and 60 mg S (99.9999%, Alfa Aesar) placed at the center and just upstream outside the mouth of the furnace (Lindberg Blue M), respectively ( figure 1(a) ). After evacuating the system to a base pressure of 15 mTorr, a 150 sccm N 2 (99.999%) flow was maintained while the furnace temperature was ramped to 630 • C at 60 • C min −1 . Immediately after the peak temperature was reached, S was transferred into the mouth of the furnace, where the temperature was measured to be around 200 • C. After 30 min, the furnace was cooled down to room temperature over approximately 3 h.
Scanning electron microscopy (SEM) imaging was performed using a Hitachi S-4100 FE-SEM microscope.
X-ray diffraction (XRD) was conducted on a Siemens D-500 x-ray powder diffractometer. In order to perform transmission electron microscopy (TEM), NWs were sonicated in methanol to form a suspension. Subsequently, the NW solution was drop-cast onto a TEM grid. TEM images and selected area electron diffraction (SAED) patterns were obtained using a JEOL 2500SE HRTEM/STEM.
For fabricating field effect transistors (FETs) incorporating single PbS NWs, we first patterned 10 µm gapped Cr/Au electrodes with photolithography onto a 300 nm SiO 2 covered degenerately doped Si chip (University Wafers). Then the NWs were transferred by gently pressing the as-grown substrates against the patterned chips. Current-voltage (I-V) curves were measured through a current preamplifier (DL Instruments, model 1211) and a NI data acquisition system. For photovoltaic measurements, a continuous wave laser (Compass 315 M) of wavelength 532 nm and a supercontinuum laser (NKT) with wavelength tunable from 1100 to 1700 nm were used as excitation sources.
Results and discussion

Synthesis of high-density PbS nanowires and nano pine trees
To grow uniform PbS NWs, instead of using H 2 reduced Pb particles as in the previous studies [21, 17, 16] , we deposited 200 nm Ti thin films on SiO 2 /Si substrates by thermal evaporation. This metal film had two purposes: it catalyzed the growth of the NWs and it served as a metal electrode allowing for efficient extraction of photocarriers in a solar cell. The as-grown NWs appeared as a black, furry layer, which showed little change in morphology within 5 cm along the gas flow direction ( figure 1(b) inset) . SEM further confirmed that the NWs did not exhibit clustered structures as in the previous H 2 initiated growth (figure 1). We have grown NWs with lengths between 5 µm and 1 mm by controlling the growth time and the quantity of precursors. The diameters of the NWs for a typical growth process ranged from 20 to 150 nm. Compared with the earlier report by Jin et al [17] , our NWs showed a significantly higher density and a better uniformity (figures 1(b) and (c)). The average density value was difficult to extract from two-dimensional (2D) SEM images, but we estimated it to be of the order of 10 8 -10 10 NWs cm −2 . NWs were successfully grown in a fairly wide temperature range of 600-650 • C. Bulk crystals were formed at T > 650 • C and the NW density dropped quickly at T < 600 • C. We evaluated the growth speed by evacuating the quartz tube to stop the reaction after a certain period of growth and we found that the NWs grew at about 5 µm min −1 . A slow N 2 flow rate (10 sccm) further increased the NW density but caused a coating of S on the NWs. The slow cooling of the furnace after the growth was crucial for synthesizing surface-clean PbS NWs, because rapid cooling occasionally produced NWs partially covered by S. Despite a large lattice mismatch, the high-density NW arrays were aligned relatively vertical to the substrate [22] . This vertical alignment could be caused by embedded catalyst support [23] or by the van der Waals force between adjacent NWs [24] .
In addition to Ti, we have also successfully grown high-density PbS NWs on other metal thin films such as Cr and Pb (figure 2). On a blank SiO 2 substrate PbS NWs either did not grow or grew at a much lower density, consistent with the catalyst-assisted growth ( figure 3(d) ). On the Cr and Pb thin films, the NWs grew at high density and were largely vertical to the substrates, similarly to on the Ti thin films. However, the Cr and Pb thin films cracked and exhibited a much larger film resistivity after the growth, while the Ti thin films remained highly conductive and only had minor occasional cracks. Coating Ti thin films with 20 nm colloidal Au nanoparticles did not affect the growth density but sometimes improved the reproducibility of the growth. Thus we focus on the NWs grown on Ti thin films either with or without Au nanoparticles for making solar cells. The Au nanoparticle coating did not appear to have any effect on the solar cell performance.
In an attempt to further increase the density, we performed growth on substrates covered by ultra-dense colloidal Sn nanoparticles. The Sn nanoparticles had an average diameter of 8 nm and were patterned using block copolymer with an average distance of 100 nm between neighboring nanoparticles [19] . We expected to substantially increase the NW density via the VLS growth on these ultra-dense Sn nanoparticles. However, the NWs formed hyper-branched clusters on a substrate covered with Sn nanoparticles ( figure 2(c) ). Presumably, this was caused by the low melting point of the Sn nanoparticles. At the high substrate temperature during the growth, the Sn nanoparticles on the substrate evaporated and resulted in Sn particles formed on the trunk of the PbS NWs, which initiated the branched growth. Ultra-dense arrays of colloidal nanoparticles with a higher melting point may help the growth of NWs with a higher density.
We have also successfully grown pine-tree structures on Cr thin films with slightly different S evaporation rates ( figure 2(d) ). The density of our nano pine trees appeared to be much higher and more uniform than in the previous report [25] , because of the presence of the Cr thin films. A close inspection revealed that the branches near the bottom of the trees were perpendicular to the trunks, but did not show a clear twisting structure. Only the branches near the top exhibited a clear Eshelby twist ( figure 2(e) ), presumably because the lower precursor concentration at the later growth stage forced the nucleation to occur only at dislocation sites [26] . In addition, we also observed that the trunks of our nanotrees consist of multiple NWs (figure 2(g)), unlike in the previous report [25] .
X-ray diffraction peaks of as-grown samples on all substrates were consistent with the PbS rock salt lattice (representative XRD data for NWs grown on Ti thin films shown in figure 3(a) ). Electron diffraction indicated that PbS NWs grew along [110] ( figure 3(b) ) as reported earlier [17] . Round tips were observed in some samples while cubic tips were seen more frequently. The cubic tips were composed of PbS as evidenced by energy-dispersive x-ray spectroscopy (EDS) and had also been observed previously in nano pine trees grown on Si substrates without metal coatings [25] . The fact that NWs do not grow in the absence of metal thin films or H 2 indicates that the NW growth is initiated by the metal catalyst. The cubic tips at the end of the NWs and nano pine trees (figure 2(f)) suggest the growth possibly follow a vapor-solid-solid (VSS) mechanism [27] . The faceted tips may be caused by VSS growth or favored growth of PbS crystals at the tips after NW growth. The absence of Ti in the NW tips ( figure 3(a) ) indicates that Ti evaporates or diffuses during the NW growth, in agreement with the occasionally observed tapering of the NW ( figure 4(a) ). Another possible cause of the absence of Ti in the tips is that the NW growth on Ti thin film may not be catalyzed by Ti but instead by Pb particles decomposed from PbCl 2 on the Ti thin film. Further investigation is necessary to clarify the growth mechanism.
Electrical characterization of single nanowire field effect transistors
In order to extract carrier type, mobilities, and concentrations, we fabricated FETs incorporating single PbS NWs grown on Ti thin films. Previously, we tested single PbS NW FETs for samples grown with H 2 [16] , but PbS NWs grown on Ti thin films might have different electrical properties. Here, we fabricated FETs by transferring the NWs onto SiO 2 covered Si substrates with pre-patterned Au electrodes. By controlling the pressing pressure and the NW density, we achieved devices only incorporating single NWs. Figure 4(a) shows a SEM image of a typical device, incorporating a single NW with a diameter of 100 nm and a length of 12 µm between the electrodes. After transfer, the devices showed nonlinear I-V curves with high resistance, indicating large energy barriers at the contacts. After being treated in buffered oxide etcher (BOE) with a 6:1 volume ratio of 40% NH 4 F in water to 49% HF in water, the devices exhibited nearly Ohmic I-V curves and the conductance strongly depended on the gate voltage ( figure 4(b) ). At zero gate voltage, the resistivity of the NW was 0.03 cm. The resistivity of the NW increased as a positive gate voltage was applied confirming the p-type doping of the NW, similar to the NWs grown with H 2 . We estimated a hole mobility of 34 cm 2 V −1 s −1 and a hole density of 1.0 × 10 19 cm −3 . The gate voltage sweep ( figure 4(b) inset) showed a large hysteresis, probably caused by the charge accumulation at the SiO 2 surface.
Solar cells built upon high-density PbS NW arrays
In order to test their photo-conversion capability, we integrated PbS NWs synthesized on Ti/SiO 2 substrates into photovoltaic cells through a simple yet effective mechanical contact method. A thin glass slide coated with 100 nm fluorine doped tin oxide (FTO) and 5 nm Pt thin film (Tera Korea Company) was directly pressed onto the as-grown NW arrays by two binder clips. The FTO conducting window served as a top electrode while the Pt thin film formed a Schottky junction with the PbS NWs. By adjusting the binder clips and adding Teflon tape buffer-layers, we carefully controlled the pressure to optimize the cell performance. A schematic of the cell is shown in figure 5(a) . The top electrode was transparent and allowed for extraction of the infrared spectral response of the PbS NW Schottky cells. Figure 5(b) showed the cross-sectional SEM image of the NWs before and after pressing with the top electrode removed. NWs became tilted with an inclined angle up to 30 • while still being electrically connected to the bottom Ti thin film. This tilting of the NWs shortened the distance between the top and bottom electrodes, which could further increase the density of NWs and exposed a larger portion of NWs to the top contact and illumination. A typical solar cell fabricated via this method had an active area of 1 cm 2 and a resistance of around 200 in the dark. Assuming an average NW length of 20 µm, a diameter of 100 nm, and a density of 10 9 cm −2 , the dark resistance corresponded to a NW resistivity of 2 × 10 4 cm, much higher than the resistivity of a single PbS NW (0.03 cm). This discrepancy in resistivity was probably caused by the larger contact barrier, as the ensemble NWs were not etched by HF. In addition, it indicated that only a small portion of the NWs was electrically connected, mainly caused by the non-uniform pressing of the conductive window. By carefully examining the NWs after pressing with SEM, we indeed found that only those NWs near the edge of the device showed signs of being in physical contact with the top electrode, while the NWs at the center of the device remained untouched. Consistently, we measured a large photocurrent only when the illumination was close to the edge of the device. Though this simple mechanical contact approach was not likely to generate a practical solar cell, it allowed for a proof-of-concept test of the PbS NW solar cell and the investigation of its photo-conversion mechanism.
The EQE of our FTO/Pt/PbS NW/Ti devices was estimated to be 0.2%, measured at λ = 532 nm and a laser intensity of 200 mW cm −2 . Our relatively low EQE was probably due to the imperfect electrical contact between the NWs and the top electrode, as a contact barrier existed at the surface of the unetched NWs and only a small portion of the NWs actually contributed to the photocurrent. Under an infrared laser (λ = 1400 nm), a zero-bias photocurrent density up to 0.43 mA cm −2 was observed at a laser intensity of 300 mW cm −2 . EQE remained almost constant for wavelengths between 1100 and 1700 nm ( figure 5(c) ). Compared with Si solar cells in which EQE quickly decreased to zero at wavelengths above 1100 nm, our PbS NWs had clearly demonstrated advantages in converting near-IR light to electricity. In addition, the devices made of NWs exposed to air for 3 months showed comparable photo-response to the devices integrated from NWs immediately after growth.
As the illumination was turned on and off, the zero-bias photocurrent exhibited an abrupt change within 0.3 s ( figure 5(c) ). This photo-response time, though limited by the device capacitance, was significantly faster than ZnO NWs [28] and was consistent with our previous single NW characterization [16] . This fast response indicated that our NW devices were free of slow carrier traps. The sign of the 6 eV) . However, considering the small measured V oc of our cells, the band bending at the PbS/Pt Schottky junction was probably reduced either by the Fermi level pinning due to the surface states or a tunneling barrier at the contacts. V oc may be improved by incorporating homojunction or heterojunction structures with wide bandgap materials such as ZnO.
We compared the performance of the solar cells to those with top contacts of differing materials by evaporating a 5 nm thin layer of Au, Cr, Ti or Al on the FTO window. The FTO remained transparent, but its work function was expected to be different after the metal layer coating. Then we pressed the metal-coated FTO window on the as-grown PbS NWs on the Ti/SiO 2 substrate. The same photocurrent direction and similar efficiencies were obtained with the Au top electrode, presumably because Au had a similarly high work function as Pt. However, for lower work function metals such as Cr, Ti and Al, the sign of the photocurrent was reversed with holes being extracted to NWs, corresponding to a downward band bending towards the top metal contacts. The reverse of the photocurrent direction was consistent with the energy alignment between the metals and PbS ( figure 6(b), inset) . On the other hand, lower efficiencies were measured with these low work function metal top electrodes, presumably caused by a weaker band bending.
In order to improve the electrical connection, we have fabricated Schottky cells by sputtering indium doped tin oxide (ITO) thin films on the PbS NWs. A 300 nm thick ITO thin film was sputtered on the NWs grown on the Au nanoparticle-decorated Ti/SiO 2 substrate and formed a continuous electrode supported by the dense NWs ( figure 6(a) ). However, the ITO sputtering was not uniform, partially due to the rough surface of the NW network. The dark resistance of the cell remained high, around 150 , suggesting non-ideal contacts. Under the green laser illumination, the cell exhibited a photocurrent magnitude similar to that obtained using the pressing method ( figure 6(b) ). Due to the strong absorbance of infrared light by the sputtered ITO, we could not investigate the infrared light response in this cell.
Conclusion
In summary, we have successfully synthesized highly dense, vertically aligned, and uniform PbS NWs in a large area on various metal thin films via a catalyst-assisted approach. Ti films were shown to be the most promising candidate for the growth of NWs and the integration into photovoltaic devices. We fabricated air-stable Schottky junction devices incorporating these PbS NWs, which demonstrated infrared light-harvesting capability. The photocurrent direction was explained by the band alignment between the metal electrodes and the PbS NWs. This direct growth of high-density and vertical PbS NWs and nano pine trees on metal thin films has opened up new and exciting opportunities for fabricating sensitive photodetectors and efficient infrared light converters.
